systemic signals trigger intestinal adaptation in the juvenile python. Am J Physiol Gastrointest Liver Physiol 279: G1177-G1187, 2000.-Juvenile pythons undergo large rapid upregulation of intestinal mass and intestinal transporter activities upon feeding. Because it is also easy to do surgery on pythons and to maintain them in the laboratory, we used a python model to examine signals and agents for intestinal adaptation. We surgically isolated the middle third of the small intestine from enteric continuity, leaving its mesenteric nerve and vascular supply intact. Intestinal continuity was restored by an end-to-end anastomosis between the proximal and distal thirds. Within 24 h of the snake's feeding, the reanastomosed proximal and distal segments (receiving luminal nutrients) had upregulated amino acid and glucose uptakes by up to 15-fold, had doubled intestinal mass, and thereby soon achieved total nutrient uptake capacities equal to those of the normal fed full-length intestine. At this time, however, the isolated middle segment, receiving no luminal nutrients, experienced no changes from the fasted state in either nutrient uptakes or in morphology. By 3 days postfeeding, the isolated middle segment had upregulated nutrient uptakes to the same levels as the reanastomosed proximal and distal segments, but it still lacked any appreciable morphological response. These contrasting results for the reanastomosed intestine and for the isolated middle segment suggest that luminal nutrients and/or pancreatic biliary secretions are the agents triggering rapid upregulation of transporters and of intestinal mass and that systemic nerve or hormonal signals later trigger transporter regulation but no trophic response. cellular proliferation; digestive response; intestinal hypertrophy; intestinal nutrient transport; regulatory mechanisms THE CONTROL OF DIGESTION involves exogenous stimuli, leading via signal pathways to tissue responses (e.g., Refs. 4, 21, and 42). Despite nearly a century of effort since Pavlov's pioneering studies of gastrointestinal regulation, much remains to be learned about the underlying mechanisms (12, 23) . A practical difficulty limiting progress has been the prevalence of only modest gastrointestinal regulatory spans in the usual laboratory mammalian model species (mice, rats, and rabbits), related to their natural lifestyles of small meals at frequent intervals and hence nearly continuous digestion. Selecting a new model species with large regulatory responses might make it easier to trace gastrointestinal regulatory pathways.
THE CONTROL OF DIGESTION involves exogenous stimuli, leading via signal pathways to tissue responses (e.g., Refs. 4, 21, and 42) . Despite nearly a century of effort since Pavlov's pioneering studies of gastrointestinal regulation, much remains to be learned about the underlying mechanisms (12, 23) . A practical difficulty limiting progress has been the prevalence of only modest gastrointestinal regulatory spans in the usual laboratory mammalian model species (mice, rats, and rabbits), related to their natural lifestyles of small meals at frequent intervals and hence nearly continuous digestion. Selecting a new model species with large regulatory responses might make it easier to trace gastrointestinal regulatory pathways.
In fact, much larger regulatory responses characterize animal species that normally consume very large meals at infrequent intervals (34) . For example, Burmese pythons (Python molurus), which consume prey species of body mass up to and exceeding the snake's own body mass at intervals of several weeks or months, undergo a rapid and reversible 2.5-fold increase in intestinal mucosal mass, 6-fold increase in intestinal microvillus length, and up to 50-fold increases in intestinal brush-border nutrient transport, plasma hormone levels, and metabolic rate upon feeding (1, 33, 34) . Hence the present paper uses a surgical model to initiate the study of gastrointestinal regulation in pythons.
Ultimate stimuli postulated to trigger postprandial responses of the intestine include the sight of food, smell of food, and gastric distension (21) . Postulated proximate regulatory agents include gastrointestinal hormones, nerves, pancreaticobiliary (PB) secretions, and direct contact with luminal nutrients (13, 39, 42) . To separate the contributions of some of these stimuli and agents, we have developed a new model of python intestine (similar to Thiry-Vella loops in mammals) in which a segment of intestine is surgically isolated from luminal nutrients and PB secretions while retaining its neural/vascular supply intact. With this model, one can determine whether ultimate cephalic or gastric stimuli can trigger intestinal responses via neural and/or humoral pathways independent of direct stimulation by luminal nutrients or PB secretions. As our assay of response, we compared the surgically isolated segment with the reanastomosed connected segments with respect to nutrient transport rates and mucosal morphology. Because our surgical procedure resulted in the reanastomosed intestine being shorter than a normal intestine, we also measured whether adaptive responses to resection restore the original functional capacity of the shortened intestine, either by proliferation of mucosal mass, increased mass-specific rates of transport, or both. Our results demonstrate the sufficiency of neural and/or hormonal signals for regulating some gastrointestinal responses and also demonstrate the necessity for luminal signals as well in triggering the full suite of gastrointestinal responses.
MATERIALS AND METHODS

Snakes and Experimental Procedures
We bought pythons as 100-g hatchlings from a commercial breeder (Captive Bred Reptiles, Oklahoma City, OK) and maintained them individually in plastic cages on a biweekly diet of laboratory rats, with water available ad libitum. This study used 21 pythons [mean body mass ϭ 1,040 Ϯ 47 (SE) g], equally divided among seven surgical and feeding treatments. Snake body mass did not differ significantly among (ANOVA, P ϭ 0.87) or between (planned pair-wise comparisons, P Ͼ 0.16) treatments. In 18 snakes, we surgically isolated the middle third of the small intestine and reattached the proximal and distal thirds as described in detail below. Out of these 18 snakes, we killed three (by severing the spinal cord immediately posterior to the head) before feeding (after a 60-day fast) and killed three each at 1, 2, 3, 4, and 6 days after consumption of a rat meal equivalent to 25.7 Ϯ 0.6% (snakes killed at 1, 2, 3, and 4 days postfeeding) or 35.2 Ϯ 1.7% (snakes killed at 6 days postfeeding) of the snake's body mass. Because severing and reattaching the small intestine can stimulate intestinal growth and thus potentially increase functional capacity (16) , the remaining three snakes served as transected controls; we transected and then immediately reattached their small intestines. These three snakes were killed (after a 60-day fast) without refeeding them. In each snake, we measured nutrient uptake rates across the intestinal brush-border membrane and intestinal mass and morphology, as described below. We compared the results with those previously published (32) for 12 pythons with completely intact intestines (no surgical procedure) and killed at 0, 1, 3, and 6 days after the ingestion of rat meals equaling 25% of body mass (3 snakes/time period). These 12 pythons had been obtained as hatchlings from the same commercial source and were reared in identical conditions as the 21 surgically treated snakes.
Surgical Procedures
Snakes were fasted for 1 mo to ensure that their small intestines were emptied before surgery (32) . We anesthetized each snake by placing it within a sealed 4-liter container containing a Halothane-soaked cloth. Complete anesthesia (flaccid body tone and no response to touch) was induced within 5-10 min. Once anesthetized, the snake was laid on its dorsum and held in place with cloth restraints. The scales in the region of the small intestine were scrubbed with Betadine, and a 10-cm incision was made between the ventral scales and first set of lateral scales at a site ϳ70% of the distance from the snout to the cloaca. The incision was retracted open to expose the middle portion of the small intestine. By gently pulling, we exposed most of the small intestine and thus were able to identify two sites, at approximately one-third and two-thirds of the distance from the pylorus to the large intestine, that divided the small intestine into equal thirds. We then completely transected the small intestine at these two sites while making every effort to minimize disruption of the perpendicular arcade of mesenteric blood vessels and nerves supplying the small intestine. Even though longitudinal enteric blood vessels and nerves must have been severed, the intestine exhibited either no or very little bleeding.
For 18 snakes, the proximal and distal segments of the intestine thus transected into three segments were attached together with an end-to-end anastomosis by a single layer of inverted 4-0 silk sutures, establishing intestinal continuity. We suture-closed both ends of the middle intestinal segment and attached a 10-cm rubber catheter (20 Fr.) through a small hole at the segment's distal end to serve as a drain for any intestinal secretions. The catheter was passed through a small incision in the snake's body wall and was sutured down to external scales. The now-isolated middle segment, with its mesenteric neurovascular supply thus intact, was tucked in along side the reanastomosed proximal and distal segments. For the three transected control snakes, the intestine was transected similarly into three segments, but they were then surgically reattached in their original position.
Finally, the incision through the body wall was closed with an inner (muscular layer) and outer (scales) set of interrupted sutures (3-0 Vicryl; Ethicon). Immediately after surgery, each snake was given a single dose of antibiotic (1 ml/kg enroflovacin; Baytril) intramuscularly, with follow-up injections given at 3-day intervals for the following week and a half. Snakes usually recovered from anesthesia within 1 h and were allowed at least 1 mo of recovery before the start of experiments. During that time, snakes were not fed but were provided with water ad libitum. There was no mortality attributed to the surgical procedure among these 21 snakes.
Intestinal Nutrient Uptake
We measured nutrient uptake rates across the intestinal brush-border membrane in vitro (described in detail in Refs. 25 and 35) . We killed the snakes, made a midventral incision the length of the snake, and removed the reanastomosed proximal and distal intestine and the isolated middle intestinal segment. The proximal and distal regions were then cut at the reanastomosis, thus separating the intestine into proximal, middle, and distal segments. Each segment was weighed, flushed with ice-cold Ringer solution, reweighed, everted, and cut into 1-cm sleeves. Sleeves were mounted on glass rods and first were incubated for 5 min in Ringer solution at 30°C and then were incubated for 2 min at 30°C in a Ringer solution containing a radiolabeled nutrient and an adherent fluid marker labeled with a different radioisotope. We measured intestinal uptake rates of the amino acids L-leucine, L-lysine, and L-proline (each at 50 mM and labeled with 3 H) and of the sugar D-glucose (at 20 mM and labeled with 14 C). These three amino acids are transported predominantly by the neutral, basic, and amino acid transporter, respectively (40 We calculated nutrient uptake capacity (mol/min) of the reanastomosed small intestine by multiplying uptake rate (nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 ) times wet mass (mg) for each of the proximal and distal segments and then summed those two products together. After intestinal resection, mammals can restore a portion of the lost functional capacity by adaptation of the remnant portions (16) . We assessed the degree of restoration of functional capacity in a digesting python's intestine, shortened in length by one-third, by comparing our measured nutrient uptake capacities of a reanastomosed intestine with calculated uptake capacities of the same intestine at its original full length. We calculated those original uptake capacities by regressing uptake capacity for each nutrient (log transformed) against log body mass for 19 digesting pythons (1-6 days postfeeding and weighing between 90 and 1,025 g) with fully intact small intestines (Secor and Diamond, unpublished observations). Using the generated regression equations, we used the body mass of each snake in the present study to calculate its original uptake capacity for each nutrient.
Intestinal Morphology
To assess morphological responses of intestinal segments to resection and isolation, we measured for each snake the following four parameters. First, we weighed and averaged the wet masses of five individual 1-cm sleeves taken from each intestinal segment. Second, we used standard light microscopy techniques to measure enterocyte height and width in each intestinal segment. A single 1-cm sleeve from each segment was fixed in 10% neutral-buffered formalin solution, embedded in paraffin, sectioned at 6 m, and stained with hematoxylin and eosin. For each segment, we averaged the heights and widths (measured using an optical micrometer) and calculated volumes (based on the formula for a cylinder) of 10 randomly selected enterocytes.
Third, we used electron microscopy to measure microvillus lengths from proximal and isolated middle intestinal segments. Small samples of the brush-border membrane were fixed in 4% glutaraldehyde solution, postfixed with 1% osmium tetroxide, dehydrated in a graded series of ethanol, embedded in plastic, sectioned at 90 nm, stained with uranyl acetate and lead, and examined with a Jeol JEM-100 CX electron microscope. For each snake and intestinal segment, we selected one specimen and photographed four or five representative samples of the microvillus border at a magnification of ϫ7,200. From each print, we measured the length of 10 microvilli, using only microvilli cut in the central plane parallel to their long axis. We calculated actual microvillus length by dividing the length measured from the print by total magnification, and we then averaged lengths for each snake and segment.
Fourth, we used immunohistochemistry techniques employing antiproliferating cell nuclear antigen (anti-PCNA) to identify enterocytes undergoing proliferation. PCNA is a highly conserved nuclear protein (occurring in all eukaryotes) that starts to accumulate during the G1 phase and peaks in abundance during the S phases of the cell cycle. Therefore, it is used as a histological marker to identify cellular proliferation (9) . Light microscopy cross-sections (6 m thick) of proximal, middle, and distal intestinal segments from each snake were mounted on poly-L-lysine-coated glass slides, deparaffinized, dehydrated, and sequentially immersed in 3% H 2 O 2 and normal horse serum to block endogenous peroxidase activity and nonspecific binding of secondary antisera, respectively. Anti-PCNA (PC 10, 1:250 dilution; Boehringer Mannheim) was applied overnight, followed the next day by applications of the secondary antisera (biotinylated horse anti-mouse; Vector Laboratories), avidin-biotin complex (Vectastain ABC kit; Vector Laboratories), chromogen (diaminobenzidine), and hematoxylin counterstain. We viewed slides at ϫ60 magnification and counted the number of labeled and unlabeled cells along a 100-m length of mucosa at five separate positions. As an index of proliferation rates, we calculated the percent of labeled cells (labeled cells/total cells) for each region and averaged those percentages.
Morphological Response of Other Organs
Because gastric hyperplasia has been observed in rats after jejunectomy (36) and because we observed postprandial changes in the masses of several organs in pythons (32), we assessed the effects of intestinal resection and of feeding on the wet and dry masses of the heart, lungs, liver, stomach, pancreas, gallbladder, large intestine, and paired kidneys. Each organ was weighed immediately upon its removal from the snake (wet mass), dried at 60°C for 14 days, and reweighed (dry mass).
Statistical Analyses
We used ANOVA to test for significant effects of intestinal condition (normal, transected, or resected) and sampling time (before and after feeding) on intestinal uptake rates. A repeated-design ANOVA was employed to test for positional effects (proximal, middle, and distal small intestine) within each treatment on nutrient uptake rates. Analysis of covariance (ANCOVA), with body mass as a covariate, was used to test for sampling time effects on uptake capacities of the reanastomosed intestine and on organ masses. In conjunction with ANOVA or ANCOVA, we made a priori planned pair-wise mean comparisons between pairs of treatments. We report results of ANOVAs and ANCOVAs in terms of their F and P values, and we provide P values of significant pair-wise comparisons. We designate the level of statistical significance as P Ͻ 0.05. Mean values are reported either as means Ϯ SE or as means adjusted for effects of body mass (least-squares means from ANCOVA) Ϯ SE. We conducted all statistical analyses by the microcomputer version of SAS.
RESULTS
Intestinal Nutrient Uptake Rates
We determined whether our surgical procedure influenced intestinal function in fasted snakes by comparing nutrient uptake rates among the following three treatments: normal intact intestine (no surgery), transected intestine, and resected intestine (reanastomosed proximal and distal intestine and isolated middle intestine). Uptake rates of L-leucine, L-lysine, Lproline, and D-glucose did not differ significantly among (ANOVA, mean of P values ϭ 0.49) or between (pair-wise comparisons, mean of P values ϭ 0.51) these three treatments for the proximal, middle, or distal segments; however, there was one exception: L-lysine uptake by distal segments was greater in transected intestines than in normal intestines (Fig. 1 ). There were also no significant differences in any measured morphological parameters among these three treatments. Thus, in the fasted state, python intestinal function is apparently unaffected by surgical transection or resection. Therefore, in the following analyses, we removed the transected treatment and used data only from the resected treatment.
Uptake rates of all four measured solutes differed significantly (P values Ͻ0.026) among fasted and postfeeding treatments for each intestinal segment of resected snakes. The proximal and distal segments sig-nificantly (P values Ͻ0.01 and Ͻ0.005, respectively) upregulated uptake of all four nutrients within 24 h of feeding and maintained elevated rates (P values Ͻ0.02) through day 6 (Fig. 2) . The only significant declines between days 1 and 6 were of proximal Dglucose uptake from days 1 to 4 (P ϭ 0.027) and of distal L-lysine uptake from days 3 to 6 (P ϭ 0.017).
In contrast to these proximal and distal results, isolated middle intestinal segments did not significantly increase nutrient uptake rates within 24 or 48 h after feeding, with the one exception of a 4.5-fold increase (P Ͻ 0.0001) in L-lysine uptake at 2 days (Fig. 2) . However, after 3 days of digestion and thereafter, uptake by the isolated intestine for all four nutrients had increased (P values Ͻ0.007) from fasting, day 1, and day 2 (for L-leucine, L-proline, and D-glucose) values.
We used previous measures of nutrient uptake from normal intact intestine (no surgical procedure) at 0, 1, 3, and 6 days postfeeding (data used in Ref. 32 ) to make lateral comparisons with the reanastomosed and isolated segments of the resected intestines of this study. We noted earlier that uptake rates during fasting do not differ between normal intact and resected snakes (Fig. 1 ). Starting at 1 day postfeeding, nutrient uptake rates were significantly upregulated throughout an intact small intestine (32) and also in the reanastomosed proximal and distal segments of resected snakes (this study; Fig. 2) . In lateral comparisons, we found that uptake rates for both the proximal and distal segments of the reanastomosed intestine were on the average higher (5-540% higher) than for the corresponding segments of a normal intact intestine (Fig. 3 ). Differences were significant (P values Ͻ0.05) for the proximal segment at 1 day for L-lysine and at 6 days for L-lysine and L-proline and for the distal segment at 1 and 3 days for L-lysine, L-proline, and D-glucose and at 6 days for L-leucine and L-proline. Because isolated middle segments of resected snakes did not respond functionally within 24 h of feeding, uptake rates of the middle segment of intact snakes at that time were significantly (P values Ͻ0.036) greater. At 3 and 6 days, nutrient uptake did not differ between isolated middle segments (having been upregulated) and intact middle segments, with the exception that L-leucine and L-lysine uptake rates were greater (P values Ͻ0.025) in isolated segments at 6 days.
Intestinal Nutrient Uptake Capacities
Recall that uptake capacity is the product of uptake rate times intestinal mass, integrated over intestinal length. Uptake capacity of the surgically shortened small intestine increased rapidly after feeding, as a product of the just-mentioned increase in mass-specific uptake rates (Fig. 2) times the about-to-be-mentioned increase in intestinal mass (Fig. 5) . For all measured nutrients, intestinal uptake capacities had increased significantly (P values Ͻ0.04) within 24 h of feeding and remained elevated through day 6 (Fig. 4) . Compared with our predicted uptake capacities for an intact small intestine (calculated from regression equations and snake body mass; see MATERIALS AND METHODS), the uptake capacities of the reanastomosed intestine were significantly lower (62-83% of predicted values) Fig. 2 . Intestinal brush-border uptake rates of four nutrients by the proximal (F) and distal (s) remnants of the reanastomosed intestine and by the isolated middle (OE) segment at day 0 (fasted) and at 1, 2, 3, 4, and 6 days after ingestion of a meal equaling 25-35% of the snake's body mass. L-leucine (A), L-lysine (B), L-proline (C), and D-glucose (D) uptake rates, respectively, peaked with 8.1-, 6.5-, 4.3-, and 14-fold increases for the proximal remnant, with 5.9-, 4.9-, 6.1-, and 14-fold increases for the distal remnant, and with 4.7-, 7.2-, 5.2-, and 10-fold increases for the isolated middle segment. Note the upregulation of uptake rates by the proximal and distal remnant by day 1 and the lack of upregulation by the isolated middle segment until day 2 or 3. For the transection and resection treatments, the small intestine was severed into equal-length thirds. For transection, the thirds were immediately reconnected in their original position, but for resection the proximal and distal segments were rejoined while the isolated middle segment, retaining its neurovascular supply, was positioned along the reanastomosed intestine. In this and Figs. 2-9 , sample size ϭ 3 snakes. Vertical error bars represent means Ϯ SE and are omitted if the bar would be smaller than the symbol for the mean value. Note the lack of treatmentrelated differences in nutrient uptakes of these fasted pythons. The only significant difference is between intact and transected distal intestine in the uptake of L-lysine (*).
at day 1 for all four nutrients (Fig. 4) . At day 2 and thereafter, uptake capacities for all measured nutrients of the surgically shortened small intestines did not differ significantly from predicted capacities for intact intestines (Fig. 4) .
Morphological Response
Intestinal wet mass. Wet masses (mg/cm) of the proximal and distal remnants of the shortened intestine had increased significantly (P Ͻ 0.017; by 60 and 75%, respectively) with 24 h of feeding and peaked at day 6 at 2.40 and 2.14 times respective fasting values (Fig.  5A) . In contrast, isolated middle segments experienced no postfeeding changes in wet mass. As a result, although proximal and middle segments of intact intestine are generally equal to each other in mass (mg/cm), proximal intestinal segments of resected intestine were significantly (P values Ͻ0.003) heavier (by as much as 125%) than the isolated middle segments. The distal segment, normally of lower mass than either the proximal and middle segments (32), on average, was heavier than the isolated middle segment at each postfeeding period, significantly so (P values Ͻ0.017) at days 1 and 6.
Fig. 3. Comparison between normal intact intestine (open bars) and resected intestine (closed bars) of intestinal
brush-border uptake rates of four nutrients in proximal, middle, and distal intestinal segments at 1, 3, and 6 days postfeeding. For resection, the proximal and distal intestinal segments were rejoined by reanatomosis while the isolated middle segment, retaining its neurovascular supply, was left within the body cavity. *Significant differences (P Ͻ 0.05) between intact and resection treatments. Compared with normal intact intestine, note that resected intestine achieves higher uptake rates in the proximal and distal segments already by day 1 but that the isolated middle segment has lower uptake rates at day 1, because at that time it has been upregulated in intact intestine but not in resected intestine and does not achieve higher values in resected intestine until day 6. Fig. 4 . Intestinal uptake capacities (mol/min) of four nutrients by the combined proximal and distal segments of the reanastomosed intestine at day 0 and at 1, 2, 3, 4, and 6 days postfeeding. Uptake capacities are rapidly upregulated after feeding and peak at 20, 14, 20, and 30 times fasting values for L-leucine (A), L-lysine (B), Lproline (C), and D-glucose (D), respectively. For each nutrient, the horizontal dotted line illustrates the predicted uptake capacity for that snake's normal intact intestine (calculated from regression of uptake capacities for normal intact intestine against snake body mass). Note that uptake capacities of all nutrients in shortened intestines (two-thirds of original length) reach levels predicted for normal full-length intestines within 2 days postfeeding.
In analogy to our lateral comparison of nutrient uptake rates, we compared wet masses of normal intact and resected intestinal segments at 0, 1, 3, and 6 days postfeeding. It turned out that the reanastomosed proximal and distal segments did not differ in wet mass from the corresponding segments of intact intestine at any sampling time (Fig. 5B) . The isolated middle segment of resected intestine did not differ in wet mass from intact intestine during fasting (day 0), but at 1, 3, and 6 days it averaged significantly (P values Ͻ0.005) lighter (by 50-58%; because the intact, but not the isolated, middle segment increased in mass after feeding).
Enterocyte dimensions. Enterocyte height, width, and volume differed significantly (P values Ͻ0.011) among fasted and postfeeding times for both the proximal and distal remnant intestine (Fig. 6 ). Significant increases in all three of these measures of enterocyte size for these two segments were achieved within 24 h after feeding, most notably with a threefold increase in volume of proximal enterocytes. Enterocytes of the isolated middle segment differed significantly (P ϭ 0.021) only in volume among trials (no significant treatment effects on either height or width), experiencing a modest 30% increase by 2 days postfeeding. Although enterocyte size measures did not differ among intestinal segments during fasting, all three size measures were significantly (P values Ͻ0.015) larger in the proximal (days 1-6) and distal (days 2-6) segments than in the isolated middle segment after feeding.
Microvillus length. Microvilli of the proximal segment increased more than fivefold in length (P ϭ 0.0007) within 24 h of feeding and remained significantly greater than fasting values (P values Ͻ0.005) through day 6 (Fig. 7) . Although overall there was no significant variation among pre-and postfeeding samples in microvillus length for the isolated middle segment, microvillus length was significantly (P values Ͻ0.048) greater at 3 and 4 days than during fasting. At each time point, proximal segments possessed significantly longer microvilli than isolated middle segments (P values Ͻ0.024).
Enterocyte proliferation. The percentage of enterocytes labeled with the PCNA antibody, indicating cellular proliferation, significantly increased within 24 h after feeding (Fig. 8) . For both the proximal and distal segments, proliferation rates remained significantly elevated throughout digestion, peaking at 2 days with 8-and 4.5-fold increases, respectively, over fasting values. The isolated middle segment also experienced significant (P ϭ 0.016) variation in proliferation but with only a 2.3-fold increase at 2 days. For each postfeeding period (but not during fasting), proliferation rates were significantly (P values Ͻ0.022) greater in the proximal and distal segments than in the isolated middle segment.
Masses of Other Organs
Concurrent with the postprandial growth of the reanastomosed small intestine, wet masses of the liver, Fig. 6 . Enterocyte height (A), diameter (B), and volume (C) for the proximal (F) and distal (s) segments of the reanastomosed intestine and for the isolated middle segment (OE) at day 0 (i.e., fasted) and at 1-6 days postfeeding. Note the postfeeding increases in enterocyte dimensions for the proximal and distal segments and lack of such increases for the isolated middle segment. ) between normal intact intestines (E, ᮀ, ‚) and reanastomosed intestines with isolated middle segments (F, s, OE). Note the postfeeding increase in intestinal wet mass for all segments except the isolated middle segment. stomach, pancreas, large intestine, and paired kidneys increased significantly (P values Ͻ0.04) after feeding (Fig. 9) . Postfeeding peaks in the wet masses of these organs occurred, respectively, at 4, 1, 3, 1, and 4 days at values 116, 23, 84, 42, and 45% above fasted values.
In contrast, the wet mass of the gallbladder and its contents decreased (P ϭ 0.0001) by 65% postprandially as bile was released into the small intestine. Dry mass changes generally paralleled these wet mass changes. There were no mass changes in the lungs and heart.
DISCUSSION
Principal Findings
Finding 1. Within 24 h after feeding, the reanastomosed proximal and distal intestinal segments upregulate their nutrient uptake capacities by a factor of 10-30, this factor being a product of 2-fold increases in mucosal mass times 4-to 14-fold increases in massspecific nutrient uptake rates (Figs. 2-5) .
Finding 2. A day later, at 2 days after feeding, the reanastomosed proximal and distal segments, although only two-thirds as long as the original intact intestine, have attained the uptake capacities of an intact intestine at the same time after feeding by further increasing mass-specific nutrient uptake rates (Fig. 4) .
Finding 3. In contrast, the isolated middle segment, with its neurovascular attachments intact but cut off from contact with intraluminal nutrients and PB secretions, exhibits no morphological changes (in mucosal mass) nor functional changes (in uptake rates) within 24 h (Figs. 2-6) .
Finding 4. Subsequently, however, by 3 days after feeding, the isolated middle segment upregulates uptake rates to equal those of the same segment in an intact intestine at the same time after feeding (Figs. 2  and 3) .
Finding 5. Despite this delayed functional response, the isolated middle segment never responds morphologically, even at 6 days after feeding; it retains the appearance of fasted intestine (Figs. 5-7) . 8 . The fraction of enterocytes undergoing proliferation in the proximal (F) and distal (s) segments of the reanastomosed intestine and for the isolated middle segment (OE) at day 0 and at 1-6 days postfeeding, as determined by labeling with an antibody for proliferating cell nuclear antigen (PCNA). Note the 8-and 4.5-fold postfeeding increases in cell proliferation for the proximal and distal segments, respectively, but only a 2-fold increase for the isolated middle segment. Fig. 9 . Wet masses (g) of the lungs, heart, liver, stomach, full gallbladder, pancreas, large intestine, and kidneys at day 0 and at 1-6 days postfeeding for pythons with reanastomosed proximal and distal small intestine and isolated middle small intestine. Note the postfeeding increases in the wet masses of the liver, stomach, pancreas, large intestine, and kidneys, the significant postfeeding decline in the wet mass of the gallbladder (due to emptying), and the lack of changes in the lungs and heart.
Potential Signals and Agents for Gastrointestinal Regulation in Pythons
Much is already known about the signals and agents regulating digestion in mammals (21, 42) . Do the same types of signals and agents exist in pythons? As summarized below, the answer is yes.
In mammals a cephalic phase of digestion mediated by the vagus nerve is known to stimulate the secretion of saliva, gastric acid, and pancreatic enzymes (39) . In pythons, a corresponding cephalic phase of digestion could be initiated by the python's smelling, seeing, attacking, constricting, and swallowing a prey animal.
As for a gastric phase, the mammalian esophagus and stomach possess stretch-sensitive afferent nerves that stimulate gastric, pancreatic, and intestinal secretion, intestinal transport, and gut motility and blood flow (8, 37) . Such a gastric phase could operate easily in pythons, which swallow prey whose diameter is 10 times that of their undistended esophagus and several times that of their undistended stomach.
As for an intestinal phase in mammals, intestinal luminal nutrients trigger the upregulation of their own transporters (12) ; luminal amino acids contribute to mucosal hypertrophy by being incorporated into enterocyte proteins (3); and the dietary polyamines spermidine and spermine stimulate mucosal growth (23) . These processes could also operate in pythons, which experience a huge influx of digesta high in amino acids from the stomach into the intestine.
These comments about the cephalic, gastric, and intestinal phases of digestion all involve ultimate stimuli, which must be translated into proximate regulatory agents. Among such agents identified in mammals (7, 12, 43) , postprandial releases of PB secretions and of hormones have been documented in pythons. Bile release and pancreatic enzyme production increase in fed pythons (32, 34) , which also experience up to 50-fold increases in plasma levels of the hormones CCK, insulin, gastric inhibitory polypeptide (GIP), neurotensin, and pancreatic glucagon (1, 34) .
Actual Agents for Gastrointestinal Regulation in Pythons
The preceding section asked which types of signals and agents regulating digestion in mammals also exist in pythons. Our experiments, in addition, provide some evidence as to which particular digestive responses in pythons are controlled by which types of signals and agents.
First, it is striking that within 24 h of feeding the reanastomosed proximal and distal intestine of pythons responds both morphologically (by an increase in mucosal mass) and functionally (by an increase in transporter activities) but that simultaneously the isolated middle segment responds in neither way. What might account for this difference? The principal difference between the reanastomosed intestine and the isolated middle segment is that the former is exposed to luminal nutrients and PB secretions but the latter is exposed to neither. Hence luminal nutrients, PB secretions, or both may be the proximate agents responsible for intestinal mucosal growth within 24 h in pythons.
Second, the isolated middle segment of pythons does respond with upregulation of transporter activities by 3 days after feeding. Because the isolated middle segment receives no luminal nutrients or PB secretions that could trigger this response, the proximate agents must instead be nerves and/or hormones. Evidence for such a regulatory role in mammals includes increased cell proliferation and DNA and RNA content in ThiryVella fistulas of rat intestine that have also been subjected to major resection (15, 44) . Three lines of evidence implicate a regulatory role, specifically of hormones in mammals: 1) an increase in plasma and/or tissue levels of seven gastrointestinal hormones [CCK, enteroglucagon, gastrin, glucagon-like peptide (GLP)-1, GIP, pancreatic polypeptide, and peptide YY] and two growth factors [epidermal growth factor (EGF) and insulin-like growth factor (IGF)] after intestinal resection in rodents and dogs (2, 15, 27, 30, 38, 46) ; 2) that the administration of any of four gastrointestinal hormones (CCK, GLP-2, pentagastrin, or secretin) or three growth factors [EGF, IGF, or keratinocyte growth factor (KGF)], operating individually and synergistically with growth hormone and the nutrient glutamine, prevents the hypoplasia and functional downregulation of rat intestine otherwise observed during total parenteral nutrition (TPN; see Refs. 6, 14, 18, 20, 22, 28, 29) ; and 3) that the administration of GLP-2, neurotensin, EGF, IGF, or KGF augments mucosal hyperplasia after intestinal resection in rats (5, 19, 24, 26, 31) . As we already mentioned, at least five gastrointestinal hormones undergo postprandial rises in plasma levels in pythons (1, 34) .
Finally, what scenario could account for the delay in the response of the isolated middle segment, i.e., transporter upregulation by day 3 but not by day 1? Reflect that the reanastomosed proximal and distal segments are 33% shorter than the normal intestine, that their combined uptake capacities are as a result lower than those of a normal intestine at day 1, and their uptake capacities do not increase to equal those of a normal intestine until day 2 (Fig. 4) . One therefore expects that more nonabsorbed nutrients than usual are entering the distal intestine during the first day or two of digestion. Studies in mammals show that proglucagonderived peptides (PGDPs, including enteroglucagons, GLP-1, and GLP-2) are produced in the ileum and colon (42) and that they are released in response to luminal nutrient overload there (4) . It has been implicated further that it is GLP-2 that mediates the adaptive responses (mucosal growth and slowing of transit time) of resected mammalian intestine (10, 31) . Perhaps, for pythons, the delayed distal nutrient overload (first occurring 2 days after feeding) and subsequent hormone release are, respectively, the signal and the agent accounting for the delayed responses of the isolated middle intestinal segment to upregulate nutrient transport and for the reanastomosed intestine to further upregulate nutrient uptake. Identification of whether there exist a homologous performance-en-hancing hormone to mammalian PGDPs (specifically GLP-2) in pythons awaits future study.
Comparison of Response Mechanisms Between Pythons and Mammals
Although we have noted many similarities between pythons and mammals in digestive physiology, there are of course also some differences. Three differences stand out.
First, mammalian intestine deprived of nutrients (e.g., a Thiry-Vella fistula, a bypassed loop attached distally to the intestinal lumen, or the whole intestine during TPN) exhibits hypoplasia, entailing as much as a 70% reduction in mucosal mass, protein, and DNA and a 40% reduction in villus height and cellular proliferation rates (6, 15, 29, 45) . No such reduction below fasting levels is observed in bypassed middle segments of python intestine. Perhaps that is because fasts in pythons normally last several weeks or months, so that fasting python intestine already has its mass regressed as far as it can regress.
Second, the response of bypassed mammalian loops (only in conjunction with major resection) to feeding involves mucosal growth (35% increase in mass with a 75% resection; see Ref. 15) and no functional response (17) . In contrast, the response in bypassed python loops is mainly functional (transporter upregulation) rather than morphological.
Finally, essentially that same difference between pythons and mammals applies to their responses to intestinal resection. In both species, an intestine whose length has been shortened by experimental resection undergoes compensatory changes to restore functional capacities equal to those of the original full-length intestine. In mammals, those compensatory changes consist of increases in mucosal mass (as much as 100%/ length; see Ref. 11) arising from as much as a 30% increase in enterocyte proliferation (17) and 30-60% increases in villus height and crypt depth (11, 45) . In pythons, however, the changes involve further upregulation of mass-specific nutrient transport rates. This is most obvious in the distal portion of the reanastomosed intestine, where nutrient uptake rates average 180% greater than rates in the same region of the intact intestine (32) . Unlike mammalian intestine, remnant python intestine appears unable to undergo further mucosal growth beyond levels normally experienced with the ingestion of a meal, perhaps because mucosal growth associated with a normal meal is already so great in pythons. Hence any further increase in functional capacity can only be achieved by further upregulating nutrient transporter activities. Similarly, when pythons consume a prey animal equivalent to 65% of their own body mass, we noted no further increase in intestinal mass beyond that observed in pythons digesting a meal equivalent to "only" 25% of their own body mass, but we did observe further increases in mass-specific nutrient transport rates (33) .
Advantages of the Python Model
Naturally, we do not assume that gastrointestinal regulation proceeds identically in pythons and in humans or other mammals nor that findings about pythons can be transferred immediately to humans without further testing. Indeed, we have noted some differences between pythons and rats with respect to gastrointestinal regulation, and other studies have noted differences between rats and humans. Instead, the rationale for using pythons, rats, or other animal models is that identification of mechanisms in some easily studied species (e.g., pythons or rats) may make it easier to design experiments for efficiently identifying mechanisms in some harder-to-study species (e.g., humans).
Our results suggest six advantages warranting further study of the python model. Advantage 1. Because juvenile pythons are gentle, feed and defecate at intervals of several weeks or more, spend most of their time coiled up and quiescent, and do not bite unless drastically provoked, pythons are far easier and safer to maintain and care for than are rats and other laboratory mammals.
Advantage 2. Again, because of their long natural feeding intervals, pythons can be left for weeks or months without feeding to heal after gut surgery. In contrast, mammals require either oral food or else TPN within days of gut surgery. This difference may contribute to the low frequency of postoperative complications that we observed in our pythons compared with mammals after intestinal resection (no deaths or complications in any of our 21 pythons).
Advantage 3. Pythons and their internal organs are long, slender, relatively straight, and aligned in parallel. Mammals are more round, have highly coiled intestines, and have complex relative positions of other viscera. Intestinal surgery on pythons is facilitated by their linear anatomy and relatively large intestines.
Advantage 4. Regulatory spans for mucosal growth and for intestinal transporter activities are much larger in pythons than in laboratory mammals.
Advantage 5. Mucosal growth and transporter responses associated with intestinal resection are more rapid in pythons than in laboratory mammals. Within 24 h of feeding, the reanastomosed python intestine has doubled in mass and has upregulated nutrient transporter activities by 4-to 14-fold, and its nutrient transporter capacities have increased to compensate for resection within 2 days. Even the isolated middle segment upregulates transporter activities 10-fold within 3 days. In contrast, mammalian models take several weeks after intestinal resection to reach peaks in intestinal responses (43) .
Advantage 6. In resected mammalian models, mucosal growth precedes or accompanies transporter upregulation, making it difficult to study mechanisms of transporter regulation without the complications introduced by concomitant mucosal growth. In contrast, the isolated middle segment of python intestine responds only by transporter upregulation. This may make it easier to identify the underlying mechanisms. For all of these reasons, python intestine recommends itself for further surgical studies.
